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Abstract
A novel experiment has been commissioned at the Weizmann Institute of Science for the study of weak interactions
via a high-precision measurement of the beta-neutrino angular correlation in the radioactive decay of short-lived 6He.
The facility consists of a 14 MeV d+ t neutron generator to produce atomic 6He, followed by ionization and bunching
in an electron beam ion source, and injection into an electrostatic ion beam trap. This ion trap has been designed for
efficient detection of the decay products from trapped light ions. The storage time in the trap for different stable ions
was found to be in the range of 0.6 to 1.2 s at the chamber pressure of ∼7×10−10 mbar. We present the initial test
results of the facility, and also demonstrate an important upgrade of an existing method [1] for production of light
radioactive atoms, viz. 6He, for the precision measurement. The production rate of 6He atoms in the present setup
has been estimated to be ∼ 1.45 × 10−4 atoms per neutron, and the system efficiency was found to be 4.0±0.6%. An
improvement to this setup is also presented for the enhanced production and diffusion of radioactive atoms for future
use.
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1. Introduction
One of the possibilities to study fundamental inter-
actions and the underlying symmetries is via precision
measurements of the parameters of beta decay, viz.
beta-neutrino angular correlation (αβν) of trapped ra-
dioactive atoms and ions, thus probing the minute ex-
perimental signal that originates from possible tensor
or scalar terms in the weak interaction of beyond-the-
standard-model nature [2, 3]. For precision measure-
ments of beta-neutrino correlation, ion traps are con-
venient tools since the recoiling nuclei or atom, sub-
sequent to the beta decay, are at sub-keV energies, for
which determination of their energy and momentum is
very difficult without using the conditions in traps. The
concept of the measurement is to produce β-emitter ra-
dioactive atoms (6He in the present case), ionize and
accelerate them to a few keV’s, and then trap them in-
side an electrostatic ion beam trap (EIBT). The decay
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products from the trapped ions will be measured in co-
incidence to determine a valid correlation event. The
recoiling daughter nuclei will be detected by a position-
sensitive microchannel plate detector inside the trap and
the electrons will be measured in a large area position-
sensitive detector (LAPS) on the outside of the trap
chamber. The working design of the LAPS detector
has been published in Ref. [4]. Thus, αβν can be re-
constructed from the kinematics of the electron and re-
coiling daughter nucleus, which will be known to good
precision.
The 6He nucleus is a good candidate for weak inter-
action studies since (a) it decays to the ground state of
6Li, except a very small branching ratio of (1.65±0.10)×
10−6 for d + α channel [5], (b) the transition being
0+ → 1+ is a pure Gamow-Teller decay1 makes it in-
dependent of the nuclear matrix elements andthus free
from nuclear model structure uncertainties, (c) it has a
half-life of 806.89±0.11 ms [7], which is sufficient for
ionization and injection into a trap where its decay can
1The expected precision for the 6He experiment is below 1%, so
higher order corrections also must be considered. The detailed analy-
sis of these corrections for the 6He β − ν correlation is found in [6]
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be measured, (d) it has a large Q value of ∼3.5 MeV to
clearly detect its signature, and (e) helium, being a noble
gas, does not react with residual gasses during extrac-
tion. Very few measurements have been performed for
the beta-neutrino correlation for 6He [8, 9, 10] with high
precision. Our scheme aims at reducing the systematic
errors and achieving sub-percent precision in the mea-
surement.
We have embarked on an experimental program to
study the angular correlation αβν from the decay of
trapped, light, radioactive ions inside an EIBT [11].
Electrostatic traps have been used extensively in atomic
physics research and can be used to trap ions of a few
keV’s, irrespective of mass and charge of the species
[12]. The use of such a trap for fundamental interaction
studies has not been previously reported and it exhibits
potentially very significant advantages over other trap-
ping schemes. In this report, we present the construc-
tion and results of test runs of the trapping of stable ions
in the EIBT for measurement of storage time. We also
describe the production of 6He neutral atoms necessary
for feeding into the electron beam ion source for accu-
mulation and ionization and then trapping in the EIBT
for decay measurements. This scheme is not confined
to 6He; it allows the production of light radioactive ions
and the study of their decay properties in smaller labo-
ratories, which will be complementary to big collider-
based physics programs.
In the next sections, we discuss the main components
of this project. The design and test results of ion trap-
ping in the EIBT are discussed in Section 2; the elec-
tron beam ion source used for ionizing and bunching is
discussed in Section 3, and Section 4 presents the de-
tails of the experimental production of 6He atoms and
related calculations for the production and transmission
efficiency in the system. Envisaged improvements and
future prospects of this work are discussed in Section 5.
2. Electrostatic Ion Beam Trap
The electrostatic ion beam trap (EIBT) was devel-
oped at the Weizmann Institute of Science for trapping
low-energy (few keV) ions in the time range of a few
milliseconds to seconds [12]. The storage time of such
small table-top devices is limited by the residual gas in
the chamber. The detailed principle of operation has
already been presented in an earlier publication [13].
The trap employed in our experiments employs a similar
principle of operation but incorporates several features
that were not part of the basic EIBT design. The cur-
rent trap design is specially crafted to provide efficient
detection of the β-decay products from the trapped light
Figure 1: Top view of 3D Inventor model of the Electrostatic Ion
Beam Trap used for trapping low energy ions. A pickup used for
diagnostic purposes and a position-sensitive microchannel plate de-
tector for detection of neutral particles are visible in the drawing.
radioactive ions, such as 6He+ and 16N+. The length of
the trap was chosen such that the detector placed inside
the trap will have larger solid angle and higher collec-
tion efficiency from 6He decay products after consider-
ing the recoil energies. For other nuclei, the beam en-
ergy and the position of the detector can be changed to
maximize the detection efficiency.
The EIBT consists of two sets of eight electrodes, act-
ing both as electrostatic mirrors and as lenses by pro-
ducing a retarding field, which reflect the beam along
its path and focus it transversely, respectively. The in-
nermost electrodes are grounded to create a field-free
region where the ion beam has a well-defined kinetic
energy and direction in space. By applying a small RF
voltage of a few volts on one of the mirror electrodes,
the ion beam can be bunched. The entrance mirror is
grounded upon injection of the ion bunch. Once the ion
bunch fills the entire trap, the potentials on the entrance
mirror are raised quickly (∼50 ns) so that the ion bunch
oscillates back and forth between the two mirrors. A ca-
pacitive pickup situated inside the innermost electrode
of one of the mirrors is used to detect the traversing
of the ion bunch. Another pickup was placed between
the mirrors for beam diagnostic purposes. A 3D inner
view of the EIBT displaying the electrostatic mirrors, a
pickup and a large area microchannel plate with a re-
sistive anode encoder (MCP-RAE) and 6.4 mm diam-
eter central hole [14] is shown in Fig. 1. In order to
minimize systematic errors, the mirrors and pickup are
mounted on a precision optical table to ensure precise
alignment.
2.1. Trapping with stable ions
The trapping system was tested with stable ions to
measure storage times for different ion species. The
inlet of the ion source (Sec. 3) was connected to gas
2
cylinders filled with CO and 4He gas. The gas flow was
controlled by a motor-operated needle valve. 4.2 keV
singly charged ions of different masses, viz. CO+, O+
and 4He+, were used for testing the trap system. The
source was operated in pulsed mode and an electrostatic
beam chopper was used to further reduce the ion bunch
size. The width of the chopped pulse was varied in
different test runs to obtain the best suited ion beam
bunch. The momentum selection of the ions was
performed by a dipole bending magnet upstream of
the trap. Moreover, the optimized voltages for the
EIBT’s mirrors were calculated using the SIMION
[15] package to get the best trapping parameters, and
subsequently were applied on the actual trap mirrors.
The base pressure in the EIBT was ∼ 7 × 10−10 mbar.
The positively charged ions can be scattered by col-
lisions with the residual gas atoms during their oscilla-
tions between the mirrors. Other ions undergo electron
capture and are neutralized. Both of these processes
produce losses from the trapped ion beam and depend
largely on the pressure inside the trap and thus yield
a pressure-dependent storage time. The decay curves
for CO+, O+ and O+ ions are shown in Fig. 2(a), 2(b)
and 2(c), respectively. The ion current was higher for
CO+ ions in comparison to O+, and thus the statistics
are better in the CO+ case. The decay curves were fit-
ted with a two-component exponential decay function.
The first component is a fast decay associated with the
loss of ions that entered the trap on unstable trajecto-
ries. This time is less than 10 milliseconds. The second
component, corresponding to the decay time of the ion
bunch at a given pressure, is termed the storage time of
the beam inside the EIBT. We achieved storage times of
∼1.2 s for O+ and CO+ ions, and ∼0.6 s for 4He+ ions.
These storage times can be increased by improving the
vacuum inside the chamber. However, 6He being heav-
ier than 4He will have a longer storage time because it
travels slower for the same energy. Thus, the currently-
achievable pressure should give a storage time for 6He
that is comparable to its half life.
3. EBIS
The electron beam ion source (EBIS) was purchased
from Dreebit GmbH, Germany [16]. The purpose of
the EBIS is the ionization, accumulation and bunching,
and injection of the radioactive and/or stable atoms into
the trap. Additionally, the EBIS is meant to accumulate
the tiny amount of produced radioactive isotopes before
injection into the EIBT, thus increasing the overall ef-
ficiency. The EBIS has been modified for the require-
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Figure 2: Decay of different ions bunch trapped inside the electro-
static ion beam trap at the base pressure of ∼ 7 × 10−10 mbar. Data
was fitted with double exponential decay (solid line). The first com-
ponent corresponds to the loss of ions that entered the trap on unstable
trajectories. The second component corresponds to the decay time of
the ion bunch or the storage time.
ments of this project to enhance trapping and efficient
charge-breeding [17]. The gas injection assembly of the
ion source was modified because of the very low flux
of 6He produced in our scheme. In the standard Dreebit
EBIS, the gas is injected through a capillary tube out-
side the drift tube assembly. This results in some of
the ions being pumped away before trapping. Another
loss mechanism for 6He, even if there were no pump-
ing, is that the atoms bounce around for some time in-
side the EBIS chamber until they ‘find’ the drift tube.
Some of the 6He ions decay in this time. In this EBIS,
the drift tube design was modified to inject gas directly
into the drift tube, which results in increased trapping
and ionizing efficiency. An EBIS can produce highly
charged positive ion bunches in the few keV range, suit-
able for injection and trapping in the electrostatic trap.
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The time during which the atoms are confined inside
the drift tube, the ionization time, is important for get-
ting higher charge states. The EBIS was tested for dif-
ferent ionization times, and a few tens of ms served as
a good time for singly- or doubly-charged ions. The
charge distribution produced by the EBIS and the mo-
mentum selection by the dipole magnet are presented in
Fig. 3. The magnet has a good mass selection, ∆M = 1,
in our region of interest (M = 6). Higher masses were
also clearly separated by this magnet, but are not shown
in the graph.
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Figure 3: Mass scan for different gas injected to the EBIS as analyzed
by the 30◦ bending magnet. The ion source was operated in DC mode.
Faraday cup current is plotted against the ratio of magnetic field to
the magnet field for hydrogen. Input gases were helium (solid line)
and methane (dash line). The 6He peak should appear at the same
location as the C2+ peak and it is clearly resolved from the peaks of
neighboring masses.
4. Production of the 6He atoms
6He atoms were produced using the n(9Be,α)6He re-
action. A block diagram of the production and mea-
surement setup is shown in Fig. 4. Isotropic neutrons
with an average kinetic energy of 14 MeV were pro-
duced using a commercial d+t neutron generator (NG)
manufactured by VNIIA [18]. A UHV oven [19] was
used to heat a stack of 38 porous φ 38 mm × 2 mm BeO
fibre disks to 1400±1◦C. This oven can be maintained at
a vacuum of ∼ 10−8 mbar, and it can accommodate up
to 80 disks. The area surrounding the oven was heav-
ily shielded against neutron damage to detectors and
neutron-activation contamination to the measurement.
The effused gases from the oven passed through a cry-
opump to trap impurities. Filtered 6He atoms were fi-
nally measured inside the measurement chamber. The
measurement chamber was a six-way cross made of
stainless steel. The outer diameter of the tube was 63.5
mm and the edge-to-edge length of the chamber was
356.5 mm. The detection end of the chamber was fit-
ted with 75 µm thick mylar window in order to mini-
mize energy loss by electrons. The oven and the mea-
surement chamber were connected to the cryopump by a
tube with inner diameter of 3.8 mm. The length of tube
from oven to the cryopump was ∼4 m and from cry-
opump to the measurement chamber was ∼5 m. There
were pneumatic valves at the entrance and the pumping
port of the measurement chamber that were controlled
by a LabVIEW program. During the measurement, the
valve between the measurement chamber and the tur-
bopump was closed in order to prevent helium from es-
caping the chamber. The pressure in both the production
and the measurement chamber was ∼10−8 mbar.
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Figure 4: Block diagram of the 6He production experiment.
A plastic scintillator was used to measure the β ra-
diation from the decay of 6He. The detector was cali-
brated with a 90Sr β-emitter source that decays to 90Y,
which in turn undergoes β decay. The end point energy
of 2.28 MeV was used for calibration. The 6He pro-
duction measurement was performed in cycles of 12.6
second. Each cycle consisted of operation of the NG
at 30 Hz for 2.5 s, followed by a rest time of 100 ms,
and then acquiring signals from the plastic detector for
a period of 10 s. A total of 900 cycles were executed.
An Ortec model 919E ADC, in combination with Or-
tec Maestro software, was used for data acquisition. A
LabVIEW program provided the gate pulse for the op-
eration of the NG and data acquisition. The background
was also recorded under the same conditions. The ex-
perimental spectra detected by the plastic scintillator are
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Figure 5: The spectrum of 6He decay inside the measurement cham-
ber detected by the plastic scintillator. The online measurement is de-
noted by the solid line whereas background for same time is denoted
by the dash line.
shown in Fig. 5. The subtracted spectrum and its com-
parison with simulations are described in the next sec-
tion and presented in Fig. 6.
4.1. Production and efficiency calculations
Production and efficiency calculations could be per-
formed using different Monte Carlo simulation tech-
niques. In our calculations, the GEANT4 simulation
package [20, 21] has been used extensively. The mea-
surement chamber was simulated using the exact cham-
ber dimensions with all flanges and mylar window.
The physics list in the simulation consists of particle
constructors, standard electromagnetic physics, and ra-
dioactive decays. 6He atoms were used as the primary
ion source. The particles were generated randomly in-
side the measurement chamber walls. The majority of
the particles hitting the plastic detector originated on the
axis of the chamber which was coaxial to the detector
axis. The plastic scintillator was used as the active de-
tector material, and the chamber walls were also made
sensitive in order to get the detailed scattering informa-
tion.
A total of 108 decay events were simulated and the
data file was recorded in CERN root [22, 23] format,
which could be analyzed offline with different gating
conditions. The data was analyzed to find the scatter-
ing of betas from the the chamber walls and then detec-
tion by the plastic scintillator, and the results are shown
in Fig. 6. The simulated spectrum was normalized to
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Figure 6: (color online) Experimental and the GEANT4-simulated
spectrum of decay of 6He atoms inside the measurement cham-
ber. The background-subtracted experimental spectrum is denoted by
black dots. The normalized total simulated response is denoted by the
solid red line. Other lines correspond to the number of hits with the
chamber walls followed by detection in the plastic detector.
the experimental spectrum, and the normalization fac-
tor was found to be 0.040±0.002. This implies that
(4.0±0.2) ×106 atoms reached and decayed inside the
measurement chamber.
The production yield of 6He atoms in the current ge-
ometry was also calculated using a GEANT4 simulation
that incorporated the full production profile in the thick
target, and also included the 9Be(n,2n)8Be reaction that
shifts the neutron energy spectrum of the generator to-
wards lower energies. The temperature dependence of
the diffusion of 6He atoms from these disks was not in-
corporated in this simulation. The release fraction of
6He in a similar reaction, as a function of temperature,
has been measured by Stora et al. [1]. However, the
dimensions of the BeO disks in our case are larger, and
thus we expect at least 82% release of 6He in our exper-
iment. Each simulated run consisted of 106 events from
an isotropic point source of neutrons for a given num-
ber of BeO disks. The production yield of 6He atoms
per neutron as a function of the number of BeO disks is
shown in Fig. 7. 38 disks were used in our experiment
for which the production yield is 1.45 × 10−4 atoms per
neutron. The neutron flux from the commercial neu-
tron generator (NG) was measured to be 2.2 ×108 neu-
trons/pulse with an uncertainty of ±10%. The ratio of
6He atoms decaying inside the measurement chamber to
the atoms produced, the measured efficiency (measured),
was found to be 0.19±0.03%.
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Figure 7: GEANT4 simulation of production yield of 6He as a func-
tion of number of BeO disks.
The calculation of the system efficiency, i.e. the
fration of the number of 6He atoms reaching the mea-
surement chamber to the number of 6He atoms pro-
duced, requires a few corrections to be applied to the
measuread efficiency and is given by system = CD · CV ·
measured, where CD is the decay correction and CV is
the volume correction. The first correction (CD) is due
to the decay of 6He during the production and the diffu-
sion. Any atom decaying during diffusion will not result
in a signal in the plastic detector due to the absorption
of beta particles in the thick walls. CD is dependent on
the half-life, the duration of irradiation, and the mea-
surement time [24]. For 6He, we found this factor to be
2.7. The second correction CV is the ratio of the total
volume to the measurement chamber volume. 6He dif-
fusing from the oven to the measurement chamber will
fill the volume of the tubes and cryopump, which is sig-
nificant enough to affect the system efficiency. The fac-
tor CV was found to be 8.1. After correction for these
factors and taking into account the uncertainties in the
neutron flux and simulations, we found a system effi-
ciency of 4.0±0.6%.
A Monte Carlo simulation was also performed to get
an estimate for the system efficiency. This simulation
takes into account the transit time of atoms through the
connecting pipes and the cryopump between the oven
and the measurement chamber, and it also considers the
decay during travel. In the simulation, around 8000
atoms were fired through the pipe. The simulated re-
sponse, i.e., the fraction of 6He atoms reaching the mea-
surement chamber as a function of time are shown in
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Figure 8: Simulation for the fraction of 6He atoms reaching the mea-
surement chamber as a function of time after leaving the oven.
Fig. 8. The average transit time was found to be slightly
more than 10 s. Thus a large fraction of the atoms de-
cayed during transit to the measurement chamber. Ac-
cording to the full simulation, the system efficiency that
includes the diffusion time and the in-travel decay loss
comes out to be 3.8%. The simulated result agrees well
with the experimental value of 4.0±0.6% quoted above.
It is important to note that the results obtained with
the present scheme demonstrate that virtually all 6He
atoms produced by the n-induced reaction leave the tar-
get assembly in a short time compared to the half-life of
6He. As such, it is an important validation of the large
scale up of the present target mass of BeO compared to
the BeO target in the Isolde experiment [1]. This obser-
vation bodes well for possibly even larger scale-ups in
future experiments.
5. Future prospects
There are three main areas of improvement for the
present scheme: first, an increase in the neutron yield
which will lead to a higher production rate of radioac-
tive atoms; second, the reduction in transit loss of ra-
dioactive atoms; and third, an increase of the storage
time of ions inside the EIBT.
The use of the neutron generator will be replaced
and upgraded to the accelerator-based neutron source at
the Soreq Applied Research Facility (SARAF) [25] at
Soreq Nuclear Research Center, Israel. SARAF houses
a high yield neutron generation facility using medium
energy deuterons (5 MeV) on the liquid lithium target
6
(LiLiT) [26]. With the expected current of deuterons of
1 mA and an increase in the number of BeO disks to
80, the expected yield of 6He production at SARAF-I is
expected to be at least two orders of magnitude higher
than in the current experiment. The second stage of
SARAF (SARAF-II) is expected to provide another 2-
3 orders of magnitude increase in the neutron intensity.
The transit loss of the neutral atoms is planned to be
reduced manyfold using larger diameter (4 inch) con-
necting pipes. Such pipes have already been installed at
SARAF for future experiments and test runs are ongo-
ing. The larger pipe will reduce the average transport
time from 10 seconds to slightly below 1 second. This
will result in improvement of transmission efficiency to
nearly 90%. The storage time in the EIBT is inversely
proportional to the residual pressure. We are working
on reducing the pressure by an order of magnitude by
changing the vacuum pump configuration and by bak-
ing the chamber. With a higher neutron yield, better
transmission efficiency and increased storage time, this
experiment provides a promising avenue for measur-
ing αβν with higher precision and less systematic un-
certainty in a short period of time.
6. Summary
We presented a new experimental scheme for the
search of physics beyond the standard model based on
trapping low-energy radioactive ion beams (6He in the
present case) in an electrostatic ion trap for measuring
the beta-neutrino angular correlation (αβν) from their β-
decay. This is the first use of an electrostatic ion beam
trap in such studies and provides a complementary so-
lution to big accelerator-based research programs. This
kind of experiment can be performed in smaller labora-
tories. The results for production of 6He atoms and their
diffusion were discussed. The 6He production yield,
in the current configuration, has been estimated to be
1.45 × 10−4 atoms/neutron, and the system efficiency
was found to be 4.0±0.6%. The EBIS has been used
for ionizing, bunching and accelerating the ions prior
to injection into the EIBT where they are stored for a
few seconds for decay measurements. The storage time
was found to be sufficient to efficiently detect the de-
cay of radioactive 6He ions. The experimental system
can open new avenues in the field of precision measure-
ments at a high neutron flux facility, e.g., at SARAF, by
producing and trapping different light radioactive ions
at higher yields.
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